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A B S T R A C T   

The global outbreak of coronavirus disease and rapid spread of the causative severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) represent a significant threat to human health. A key mechanism of human SARS- 
CoV-2 infection is initiated by the combination of human angiotensin-converting enzyme 2 (hACE2) and the 
receptor-binding domain (RBD) of the SARS-CoV-2-derived spike glycoprotein. Despite the importance of these 
protein interactions, there are still insufficient detection methods to observe their activity at the cellular level. 
Herein, we developed a novel fluorescence resonance energy transfer (FRET)-based hACE2 biosensor to monitor 
the interaction between hACE2 and SARS-CoV-2 RBD. This biosensor facilitated the visualization of hACE2-RBD 
activity with high spatiotemporal resolutions at the single-cell level. Further studies revealed that the FRET- 
based hACE2 biosensors were sensitive to both exogenous and endogenous hACE2 expression, suggesting that 
they might be safely applied to the early stage of SARS-CoV-2 infection without direct virus use. Therefore, our 
novel biosensor could potentially help develop drugs that target SARS-CoV-2 by inhibiting hACE2-RBD 
interaction.   

1. Introduction 

In December 2019, a new coronavirus (Severe acute respiratory 
syndrome coronavirus 2, SARS-CoV-2) was first recognized and quickly 
spread globally. The SARS-CoV-2 is a highly pathogenic virus that rep-
resents a global health risk and causes respiratory, cerebrovascular, 
heart, and lung diseases [1–5]. A key mechanism underlying 
SARS-CoV-2 infection is the structural recognition of human 
angiotensin-converting enzyme 2 (hACE2) and SARS-CoV-2-derived 
spike glycoprotein receptor-binding domain (RBD), which induces 
ACE2 downregulation [6–8]. hACE2 is expressed in the brain, heart, 
lung, kidney, liver, testis, and small intestine tissues [9–14]. In a 
counter-regulatory manner to ACE, ACE2 mainly functions to cleave 
angiotensin I and angiotensin II into angiotensin-(1–9) and 
angiotensin-(1–7), respectively [13,15,16]. The ACE2-angiotensin 
fragment pathway provides a useful therapeutic target for treating 

cardiovascular and pulmonary diseases, heart failure, and kidney and 
lung fibrosis [15,17–20]. Therefore, the regulation of ACE2 expression 
could exert beneficial effects on several SARS-CoV-2-related diseases 
[21]. 

In early studies, there were suggestions that drugs against SARS-CoV 
could probably have been used to treat the SARS-CoV-2 infection, which 
could shorten the time and reduce the cost. For example, chloroquine 
(CQ) and hydroxychloroquine (HCQ), which have been used to treat 
rheumatoid arthritis, malaria, and lupus erythematosus, were suggested 
in preventing SARS-CoV and SARS-CoV-2 infection [22–26]. In fact, CQ 
interferes with the terminal glycosylation of hACE2 in the treatment of 
SARS-CoV [25]. Due to the sequence similarity (~76 %) between 
SARS-CoV and SARS-CoV-2 RBDs [27], researchers have thought that 
CQ and HCQ might also be used in the treatment of SARS-CoV-2 infec-
tion. Despite the structural similarity of RBD of SARS-CoV and 
SARS-CoV-2, they seem to exhibit different epitope features and 
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differing immunogenicity [28]. At present, CQ and HCQ treatment trials 
have been stopped as they showed little or no reduction in the mortality 
of hospitalized COVID-19 patients versus standard of care. However, 
these drugs may still be considered agents to uncover the mystery of the 
molecular mechanism of the hACE2 pathway as an inhibitor [29,30] 

Many therapeutic strategies against SARS-CoV-2 have been pro-
posed. Most recently, Yang et al. revealed the molecular interaction of 
SARS-CoV-2 binding to the ACE2 receptor using atomic force micro-
scopy [31]. This approach provides direct evidence that ACE2-derived 
peptides can be bound to S-glycoprotein of SARS-CoV-2 at the 
single-molecule level. However, there is still an insufficient detection 
method to visualize the dynamics of ACE2-RBD binding with high res-
olutions in living cells. Here, we developed a novel fluorescence reso-
nance energy transfer (FRET)-based ACE2 biosensor by employing the 
RBD module derived from SARS-CoV-2, which can effectively monitor 
ACE2 activity with high spatiotemporal resolutions. Our study provides 
a new methodology to identify drugs that can inhibit ACE2-RBD inter-
action from preventing SARS-CoV-2 infection. 

2. Materials and methods 

2.1. DNA plasmid construction 

The hACE2 biosensor was constructed by adding the SARS-CoV-2- 
derived RBD to pCAGGS-6011NES. The RBD fragment was fused be-
tween N-terminal YPet and C-terminal Turquoise2-GL, a CFP variant. 
The RBD domain was PCR-amplified from pcDNA3-SARS-CoV-2-s-RBD- 
sfGFP and inserted into pCAGGS-6011NES digested by XhoI/NotI 
(Fig. S4). The RBD mutants were generated from pcDNA3-SARS-CoV-2- 
S-RBD-sfGFP using the EZchange™ Site-directed Mutagenesis Kit 
(Enzynomics Cat. No. EZ004S), following which RBD-E484 P (Fig. S5) 
and F486 L (Fig. S6) were PCR-amplified and inserted into pCAGGS- 
6011NES. pCAGGS-6011NES was a gift from Prof. Michiyuki Matsuda 
(Addgene plasmid # 108652). pcDNA3-SARS-CoV-2-S-RBD-sfGFP was a 
gift from Prof. Erik Procko (Addgene plasmid # 141184). pmScarlet- 
hACE2 was constructed by adding the hACE2 sequence to pmScarlet- 
I_C1. The hACE2 was PCR-amplified from pCEP4-myc-ACE2 and inser-
ted into pmScarlet-I_C1 digested by BsrGI/XhoI (Fig. S7). ACE2-M82 K 
was generated from pmScarlet-hACE2 using the EZchange™ Site- 
directed Mutagenesis Kit (Enzynomics Cat. No. EZ004S) (Fig. S8). The 
pmScarlet-I_C1 vector was provided by Dr. Jihye Seong (Korea Institute 

Fig. 1. Design and characterization of the 
FRET-based ACE2 biosensor. (a) Schematic 
diagram of the ACE2 biosensor. The ACE2 
biosensor is composed of a YPet acceptor, 
SARS-CoV-2-derived RBD domain, and trun-
cated Turquoise2-GL donor. The ACE2 
biosensor mutants are E484 P (positive control) 
and F486 L (negative control). The ACE2-WT 
truncated membrane localization signal was 
inserted into the pmScarlet-I vector, and the 
ACE2-M82 K construct was developed as a 
negative control. (b) The ACE2 biosensor shows 
the conformational change by binding to ACE2, 
leading to an increase in the FRET ratio. This 
diagram was produced by Biorender (htt 
p://biorender.com/) (c) The normalized 
FRET/CFP emission ratios of the ACE2 bio-
sensors (WT, E484 P, and F486 L) in HEK293 T 
cells co-transfected with ACE2-WT, ACE2-M82 
K, or control pmScarlet-I vector (****p <

0.0001).   
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of Science and Technology, Republic of Korea). pCEP4-myc-ACE2, a 
truncated membrane localization sequence, was a gift from Prof. Erik 
Procko (Addgene plasmid # 141185). All primer pairs used in this study 
are listed in Table S1. All cloning design and site-directed mutagenesis 
procedures were simulated using the SnapGene software (Fig. S9-S10). 

2.2. Cell culture and chemicals 

The HEK293 T cell line was provided by Prof. Joomi Yi (Inje Uni-
versity, Republic of Korea). The HeLa cell line was provided by Dr. Jihye 
Seong (Korea Institute of Science and Technology, Republic of Korea). 
The HepG2 cell line was provided by Prof. Youngmi Jung (Pusan Na-
tional University, Republic of Korea). The SH-SY5Y cell line was pur-
chased from the Korean Cell Line Bank (Republic of Korea). HEK293 T, 
HeLa and HepG2 cells were cultured in Dulbecco’s Modified Eagle’s 
Medium/F12 (DMEM/F12, 11320033, Gibco) supplemented with 10 % 
fetal bovine serum (FBS, WB0015, Hyclone), 100 U/mL penicillin, and 
100 μg/mL streptomycin (CA005, GenDepot). SH-SY5Y cells were 
cultured in RPMI 1640 medium (SH30027, Hyclone). The cells were 
cultured in a humidified incubator with 95 % air and 5 % CO2 at 37 ◦C in 
cover-glass-bottom dishes (100350, SPL). According to the manufac-
turer’s instructions, the DNA plasmids were transfected into the cells 
using Lipofectamine 3000 (L3000015, Invitrogen). Before imaging, cells 
were starved in DMEM/F12 or RPMI medium containing 0.5 % FBS for 6 
h at 37 ◦C. HCQ sulfate was purchased from Sigma Aldrich (H0915). 
MLN-4760 was purchased from Merck(5.30616, Calbiochem). 

2.3. Viability assay 

The HEK293 T cells were seeded at 8 × 103 cells/well in 96-well 
plates and incubated for 24 h at 37 ◦C before being treated with 

DMEM-containing control (0.5 % water) or HCQ media for 1. After 
washing, the cells were exposed to a 9.09 % (v/v) Cellrix Viability Assay 
kit in DMEM without phenol red (Cat no. 31053028, Gibco, Waltham, 
MA) for 2 h at 37 ◦C. The optical density of the solubilized formazan 
product was measured using a Glomax Multi + Microplate Multi Reader 
(9301-010, Promega, USA) at 450 nm. 

2.4. Microscopy and image acquisition 

During imaging, the cells were maintained in a CO2-independent 
medium (18045088, Gibco) containing 0.5 % FBS, 4 mM L-glutamine, 
100 U/mL penicillin, and 100 μg/mL streptomycin. Images were ac-
quired using a Leica DMi8 microscope with a 40X HC PL FLUOTAR L 
objective/numerical aperture (NA) 0.6 dry and 100X HC PL FLUOTAR 
objective/NA 1.32 oil immersion. The filter sets for CFP included a 436/ 
20 excitation filter, 455 dichroic mirror, and 480/40 emission filter. The 
filter sets for FRET included a 436/20 excitation filter, 455 dichroic 
mirror, and 535/30 emission filter. The LAS X software was used to 
subtract the background of the images and acquire CFP, FRET, and ratio 
images. 

2.5. FRET image analysis 

The fluorescence intensity of the background region was selected and 
quantified to subtract the signals from the region of interest (ROI) of the 
FRET and CFP channels. The pixel-by-pixel ratio images of FRET/CFP 
were calculated based on the background (bg)-subtracted fluorescence 
intensity images of FRET and CFP as follows:  

I (FRETROI) - I (FRETbg) / I (CFPROI) – I (CFPbg),                                     

Fig. 2. Dynamic visualization of the ACE2 biosensor in response to the ACE2 inhibitor. (a) Time-lapse FRET/CFP ratio images of the ACE2 biosensors (WT, 
E484 P, and F486 L) in HEK293 T cells co-transfected with control, ACE2-WT, or ACE2-M82 K treated with 100 μM HCQ. Hot and cold colors indicate high and low 
affinities between ACE2s and RBDs, respectively (scale bar = 10 μm). (b) Time courses of the normalized FRET/CFP ratio of the ACE2 biosensor-WT in HEK293 T 
cells co-transfected with ACE2-WT (red, n = 4), control (blue-violet, n = 5), or ACE2-M82 K (turquoise, n = 9) treated with 100 μM HCQ. All error bars represent 
SEM. (***p < 0.001). (c) Time courses of the normalized FRET/CFP ratios of the ACE2 mutant biosensors (E484P-positive control and F486L-negative control) in 
HEK293 T cells co-transfected with ACE2-WT or ACE2-M82 K treated with 100 μM HCQ (red, blue-violet, and turquoise; n = 5,5, and 4, respectively). All error bars 
represent SEM (***p < 0.001). 
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where I represents the intensity of each region from each channel. The 
ratio images were displayed in the intensity modified display mode, 
where the color and brightness of the pixel are determined by the FRET/ 
CFP ratio. 

2.6. Statistical analysis 

All statistical analyses were performed using GraphPad 7.0. The 
statistical data are expressed as the mean ± standard error of the mean 
(SEM), and the statistical evaluation was performed by an unpaired t- 
test using GraphPad 7.0. P values at **<0.01, ***<0.001 and 
****<0.0001 were considered statistically significant. 

3. Results and discussion 

3.1. ACE2 biosensor design and characterization 

It has been previously demonstrated that the SARS-CoV-2-derived 
RBD binds to the N-terminal peptidase domain of ACE2, which 
initially mediates viral infection. To visualize RBD-ACE2 binding ac-
tivity, we designed a FRET-based ACE2 biosensor, with SARS-CoV-2- 
derived RBD concatenated between YPet and Turquoise2-GL (Fig. 1). 
According to previous SARS-CoV-2 spike and ACE2 structural interac-
tion studies, a critical receptor-binding motif (RBM) is present between 
residues 481–487, and ACE2-WT binding affinities are measured 
through mutations in the critical RBM domain [7]. A similar study has 
revealed critical amino acid residues to maintain its binding activity 
with hACE2 unveiled by site mutagenesis scanning. The results 
demonstrated that the E484 P mutant enhanced receptor binding af-
finity more than twice, whereas F486 L markedly diminished its binding 
affinity [32]. For cross-validation, the E484 P and F486 L biosensor 

mutants have been constructed based on SARS-CoV-2 and SARS-like 
virus RBD sequence alignments [32,33]. SARS-CoV-2 RBD 481-487 
residues include the ACE2-binding ridge, which affects two 
disulfide-bond-forming RBD cysteines 480 and 488. The E484 P mutant, 
substituted from SAR-CoV-2 (Glu, E) to SARS-CoV (Pro, P), is expected 
to increase the ACE2 binding affinity of the biosensor [32]. The F486 L 
mutant, also substituted from SAR-CoV-2 (Phe, F) to SARS-CoV (Leu, L), 
is expected to decrease the ACE2-WT binding affinity of the biosensor 
[32]. The ACE2 hydrophobic pocket, interacting with the 
SARS-CoV-2-derived RBD F486, constitutes L79, M82, and Y83 [7]. As 
the ACE2 affinity change of the hydrophobic region was also imperative, 
we mutated the ACE2 Met82 (M) residue into lysine (K) of ACEs in the 
testis-specific form and Drosophila melanogaster that have homology with 
ACE2 (similarities 61 % and 55 %, respectively) [34]. 

It is expected that RBD-ACE2 binding could be modified by RBD or 
ACE2 inhibitors, causing a conformational change and decrease in FRET 
(Fig. 1b). HCQ, an ACE2 N-terminal glycosylation inhibitor, was an 
option to use in the current study due to the lack of known RBD in-
hibitors. The FRET/CFP emission ratios of the ACE2 biosensor were 
significantly higher in HEK293 T cells co-transfected with pmScarlet- 
hACE2 than in control (Fig. 1c) in which ACE2 expression was absent. 
This is consistent with a previous study which reported that HEK293 T 
cells scarcely express ACE2 [35]. As shown in Fig. 1c, the changes in 
FRET compared to the control value were rarely observed in HEK293 T 
cells co-transfected with ACE2-M82 K and ACE2 biosensor-WT or -E484 
P, while the FRET/CFP ratios were high in HEK293 T cells co-transfected 
with ACE2-WT and ACE2 biosensor-E484 P. These results indicate that 
the RBD specifically binds to exogenous ACE2 in human cells. 

Fig. 3. Validation of the ACE2 biosensor in response to 
MLN-4760, a specific ACE2 inhibitor. (a) Time-lapse FRET/ 
CFP ratio images of the ACE2 biosensor in HEK293 T co- 
transfected with ACE2-WT treated with DMSO, 0.5 nM, and 
30 nM MLN-4760, respectively. Hot and cold colors indicate 
high and low affinities between exogenous ACE2 and RBD, 
respectively (scale bar = 10 μm). (b) Time courses of the 
normalized FRET/CFP ratios of the ACE2 biosensor in HEK293 
T co-transfected with ACE2-WT treated with DMSO, 0.5 nM, 
and 30 nM MLN-4760 (gray, blue, and red; n = 4,4, and 7, 
respectively). All error bars represent SEM (****p < 0.0001).   
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3.2. ACE2 biosensor specificity with exogenous and endogenous ACE2 

To observe the affinity of ACE2 and ACE2 biosensors through real- 
time imaging, we determined the HCQ concentration using a viability 
assay and FRET analysis (Fig. S1 and S2). Since a previous study re-
ported that the cytotoxic concentration (CC50) of HCQ was 249.5 μM in 
Vero cells [26], and the HCQ treatment within 2 h had minimal effect on 
HEK293 cell viability [36], we decided to use a concentration of 100 μM. 
Indeed, our experimental results did not show any significant cytotox-
icity under this condition (Fig. S1). As shown in Fig. 2, there were few 
changes in the FRET/CFP ratios in HEK293 T cells transfected with the 
ACE2 biosensor-WT and control vector/ACE2-M82 K or the ACE2 
biosensor-F486 L and ACE2-WT using a 100 μM HCQ treatment 
(Fig. 2a). However, there were significant changes in cells co-transfected 
with the ACE2-WT and ACE2 biosensor-WT or -E484 P after 50–60 min 
of HCQ treatment (Fig. 2a–c). Similarly, the infection with SARS-CoV 
was regulated by ACE2 expression in HEK293 cells [35]. To further 
validate the specificity of the ACE2 biosensor, we used MLN-4760, a 
specific ACE2 inhibitor. Our data revealed a decrease of the FRET/CFP 
ratio of the ACE2 biosensor in HEK293 T cells treated with MLN-4760 
(Fig. 3). It was also confirmed that the FRET/CFP ratio of the ACE2 
biosensor decreased (~30 %) in response to HCQ treatment in HeLa cells 
that do not express intrinsic ACE2 (Fig. S3). 

Next, we designed additional experiments to detect endogenous 
ACE2 with the ACE2 biosensor, and thus, we examined SH-SY5Y and 
HepG2 cells that express hACE2 [37]. The FRET/CFP ratios of the ACE2 
biosensor were 18.9 % and 21.0 % in SH-SY5Y and HepG2 cells, 
respectively, which decreased gradually (Fig. 4). Thus, our results 
indicate that the ACE2 biosensor visualizes the interaction of the 
endogenous or exogenous ACE2 and SARS-CoV-2-derived RBD. 

In this study, we developed an ACE2 biosensor to visualize the ACE2- 

RBD interaction and monitored its activity at the single-cell level. As we 
targeted early-stage viral infection and were inspired to design the ACE2 
biosensor with ACE2-RBD interaction, several processes specified that 
HCQ might be useful for treating early-stage SARS-CoV-2 infection. 
Genetically encoded biosensors can potentially visualize another viral 
infection mechanism, such as the TMPRSS2- or cathepsin L-derived RBD 
cleavage step, when targeting the priming stage. 

RBD was substantially suitable for composing the biosensor because 
1) the weight and size of the domain were low and compact for per-
forming gene cloning. 2) The three-dimensional distance between the N- 
and C-terminal sites, designed to connect to YPet and Turquoise2-GL, 
respectively, was short. Thus, we assumed that in the biosensor, the 
space between YPet- Turquoise2-GL would be shorter than 100 Å (10 
nm), and the two fluorescence proteins could form the FRET pair. 
Although we made an effort to apply the ACE2 protein for developing 
biosensors, we encountered certain limitations during its generation: 1) 
If we introduced a full ACE2 sequence into the FRET pair, the FRET 
phenomenon would not occur due to the considerable distance between 
the N-terminal extracellular and C-terminal intracellular domains of 
ACE2 linked to YPet and Turquoise2-GL, respectively. Thus, there would 
be less possibility of shaping the FRET pair. 2) When researchers design 
biosensors, they do not use full-sequence proteins but specific domains 
or short polypeptides. In the case of ACE2, which has complex secondary 
and tertiary structures interacting with one another, it remains a chal-
lenge to elucidate whether the biosensors would be translated and 
function appropriately when composed of short peptide fragments or 
ACE2 domains. 

Thus, if researchers establish and apply a process to develop the 
drug-screening biosensor, it would help visualize sophisticated receptor- 
ligand interactions and shorten the time to identify candidate drugs 
when the next novel viral disease outbreak occurs. 

Fig. 4. ACE2 biosensor specificity in SY5Y and HepG2 cells. (a-b) Time-lapse CFP, FRET, DIC, and FRET/CFP ratio images of the ACE2 biosensor in SH-SY5Y and 
HepG2 cells treated with 100 μM HCQ, respectively. Hot and cold colors indicate high and low endogenous ACE2 and RBD affinities, respectively (scale bar = 10 μm). 
(c) Time courses of the normalized FRET/CFP ratios of the ACE2 biosensor in SH-SY5Y (blue-violet, n = 7) and HepG2 (red, n = 10) cells treated with 100 μM HCQ. 
All error bars represent SEM (****p < 0.0001). 
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4. Conclusions 

In summary, we have developed a novel hACE2 biosensor capable of 
monitoring the early interaction between ACE2 and SARS-CoV-2- 
derived RBD. In the cell-based assay, our biosensor displayed signifi-
cant FRET change in response to exogenous or endogenous ACE2 
expression in the presence of pharmacological inhibition. Therefore, we 
believe that our biosensor could be applied safely to study SARS-CoV-2 
for drug candidate screening purposes without direct virus use. 
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